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Glucagon-like peptide-1 (GLP-1) protects �-cells against
apoptosis, increases their glucose competence, and induces
their proliferation. We previously demonstrated that the anti-
apoptotic effect was mediated by an increase in insulin-like
growth factor-1 receptor (IGF-1R) expression and signaling,
which was dependent on autocrine secretion of insulin-like
growth factor 2 (IGF-2). Here, we further investigated how
GLP-1 induces IGF-1R expression and whether the IGF-2/
IGF-1R autocrine loop is also involved in mediating GLP-1-in-
crease in glucose competence and proliferation. We show that
GLP-1 up-regulated IGF-1R expression by a protein kinase A-
dependent translational control mechanism, whereas isobutyl-
methylxanthine, which led to higher intracellular accumulation
of cAMP than GLP-1, increased both IGF-1R transcription and
translation. We then demonstrated, using MIN6 cells and pri-
mary islets, that the glucose competence of these cells was de-
pendent on the level of IGF-1R expression and on IGF-2 secre-
tion. We showed that GLP-1-induced primary �-cell
proliferation was suppressed by Igf-1r gene inactivation and by
IGF-2 immunoneutralization or knockdown. Together our data
show that regulation of �-cell number and function by GLP-1
depends on the cAMP/protein kinase A mediated-induction of
IGF-1R expression and the increased activity of an IGF-2/
IGF-1R autocrine loop.

Glucagon-like peptide-1 acutely potentiates glucose-in-
duced insulin secretion and is also a growth and differentiation
factor for pancreatic�-cells (1, 2). Its action is initiated by bind-
ing to a G protein-coupled receptor that activates adenylate
cyclase and production of cAMP (3). In �-cells, cAMP activates
the classical protein kinase A (PKA) pathway, but also the
MAP2 kinase cascade leading to rapid phosphorylation of

extracellular signal-regulated kinase (ERK) 1/2, the PI 3-kinase
pathway inducing phosphorylation of Akt, and the cAMP bind-
ing protein Epac2 (4–7). These different events then control
the acute and trophic effects of GLP-1. For instance, phosphor-
ylation of various elements of the glucose signaling pathway by
PKA is required for the insulinotropic effect of GLP-1, and acti-
vation of Epac2 controls the release of Ca2� from the endoplas-
mic reticulum as well as the activity of small G proteins regu-
lating insulin granule exocytosis (8–10). The trophic effects of
GLP-1 are mediated by transcriptional control of gene expres-
sion, for instance, the PKA-dependent phosphorylation of the
transcription factor CREB, which activates IRS-2 expression
(11), or the PI 3-kinase/Akt-dependent nuclear exclusion of the
transcription factor FoxO1 (12), which then leads to increased
expression of PDX-1 (13), a critical regulator of mature �-cell
function.
Intracellular cAMP levels have been recognized over two

decades ago to be critical for normal glucose-stimulated insulin
secretion (14). More recently, it has been shown that relatively
higher intracellular cAMP levels are required to induce gene
transcription than to stimulate secretion (15), and activation of
the Epac2 pathways also requires higher intracellular cAMP
concentrations than activation of PKA (10).
In a recent study we established a new link between the

GLP-1 and IGF-1 receptor signaling pathways (16).We showed
that GLP-1 induced a robust up-regulation of IGF-1 receptor
expression, which was associated with a parallel increase in Akt
phosphorylation. Induction ofAkt phosphorylationwas depen-
dent on IGF-1 receptor expression, which was activated by the
autocrine secretion of IGF-2.We further demonstrated that the
protection against cytokine-induced apoptosis conferred by
GLP-1 was dependent on IGF-1 receptor up-regulation and
IGF-2 action. These data provided evidence for the existence in
�-cells of an IGF-2/IGF-1 receptor autocrine loop, whose activ-
ity could be increased by up-regulating IGF-1 receptor expres-
sion, a mechanism that is the basis for the anti-apoptotic effect
of GLP-1.
Here, we further demonstrate that the cAMP/PKA pathway

induces IGF-1 receptor up-regulation by transcriptional and
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translational control, with GLP-1 increasing only translation
and IBMX increasing both translation and transcription. We
then demonstrate that the control by GLP-1 of �-cell glucose
competence and proliferation also depends on up-regulation of
IGF-1 receptor expression and autocrine production of IGF-2.
Thus, the biological processes regulated by GLP-1 to control
�-cell mass and function, protection against apoptosis, glucose
competence, and proliferation appear to be secondary to the
activation of an IGF-2/IGF-1 receptor autocrine loop. Thismay
serve as a general model for the mode of action of all ligands
modulating�-cell function through activation of the cAMP sig-
naling pathway.

EXPERIMENTAL PROCEDURES

Mice and Reagents—C57BL/6mice were used between 8 and
10 weeks of age. All of the experimental procedures received
approval from the Service Vétérinaire du Canton de Vaud.
Forskolin, PD98059, LY 294002, wortmannin, nimodipine,

and rabbit polyclonal antibody against actin were purchased
from Sigma. Sp-CPT-cAMPs and 8-CPT-2�-0-Me-cAMP were
from Biolog (Bremen, Germany). Rabbit polyclonal antibodies
against the IGF1-R (C20; sc-713) was from Santa Cruz Biotech-
nology (Nunningen, Switzerland). IGF-2 goat antibodies were
from R & D Systems.
Quantitative PCR Analyses—The islets were isolated (17)

and kept in culture overnight before RNA extraction (18). Real
time quantitative PCR was performed using Light Cycler tech-
nology (Roche Applied Science). Primer sets were chosen to
amplify products of �200 bp. cDNAs were obtained from 2.5
�g of total RNA with SuperScript II RNase H� reverse tran-
scriptase (Invitrogen) and 50 pmol of random hexamer
(Applied Biosystems). cDNA amplification was performed in a
20-�l reaction mixture including 1� QuantiTectTM SYBR
Green PCR Master Mix (Qiagen) and 10 pmol of each primer.
The primers formouse IGF1-Rwere: sense, 5�-TGGTGACCG-
GCTACGTGAAG-3�; antisense, 5�-CAAAGTACATCTTTC-
CGGACC-3�, and those for mouse cyclophilin were: sense,
5�-TCCATCGTGTCATCAAGGAC-3�; antisense, 5�-CTTG-
CCATCCAGCCAGGAG-3�. All of the measurements were
normalized to cyclophilin.
MIN6 Cell Culture—MIN6 cells (19) were grown in Dulbec-

co’s modified Eagle’s medium containing 15% heat-inactivated
fetal calf serum, 2 mM glutamine, and 50 �M �-mercaptoetha-
nol and used between passages 19 and 30. For pharmacological
treatments, 106 MIN6 cells were plated in 6-cm tissue culture
dishes for 4 days, the medium was replaced, and the cells were
incubated for 2 h at 37 °C before the addition of various
reagents at the concentrations and for the periods of time indi-
cated in the figure legends.
Gel Electrophoresis and Immunoblotting—Western blot

analysis was performed as described (18) with antibodies
diluted in TBS, 5% nonfat dry milk (1/500 dilution for IGF1-R
and 1/1000 for actin) and revealed using horseradish peroxi-
dase-conjugated donkey anti-rabbit IgG or horseradish perox-
idase-conjugated sheep anti-mouse IgG as secondary antibod-
ies (Amersham Biosciences). The band intensities were
determined using a Bio-Rad densitometer (Strasbourg, France).

cAMP Assay—On day one, 200�000 MIN6 cells were
seeded in each well of a 24-well plate. On day 3, the cells were
incubated in Krebs-Ringer bicarbonate Hepes buffer supple-
mented with 2 mM glucose for 2 h. The cells were then incu-
bated in Krebs-Ringer bicarbonate Hepes (KRBH) buffer
(120 mM NaCl, 4 mM KH2PO4, 20 mM Hepes, 1 mM MgCl2, 1
mM CaCl2, 5 mM NaHCO3, and 0.5% bovine serum albumin,
pH 7.4) containing 20 mM glucose in the presence or absence
of GLP-1 (100 nM), or IBMX (10 �M) for the indicated time at
37 °C. The medium was aspirated, and cells were lysed in 200
�l of HCl (0.1 M). The direct cAMP enzyme immunoassay kit
(Assay Designs, Ann Arbor, MI) was used to determine
intracellular cAMP content.
Pulse-Chase Experiments—200 mouse islets kept overnight

in culture or 1 millionMIN6 cells in culture were washed three
timeswith phosphate-buffered saline and then starved for 1 h in
3 ml of Dulbecco’s modified Eagle’s medium lacking L-methio-
nine and L-cysteine (Invitrogen; catalog number 21013) supple-
mentedwith 2mM L-glutamine (Sigma; catalog numberG7513)
and 15% fetal bovine serum dialyzed 24 h in PBS at 4 °C using a
6000-Da cut-off membrane. The cells were incubated in 1ml of
methionine-cysteine free medium supplemented with 100 �Ci
of L-[35S]methionine and L-[35S]cysteine (Hartmann Analytic;
IS-103; 2 mCi, 200 �l, 74 MBq) for the indicated times and in
the presence or absence of GLP-1 (100 nM). The cells were then
washed twice with PBS and lysed in immunoprecipitation lysis
buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
10% glycerol, 1% Nonidet P-40, 10 �g/ml aprotinin, 10 �g/ml
leupeptin, 1 mM orthovanadate). The lysates were precleared
with 1 �g of goat IgG purified Immunoglobulin (Sigma; catalog
number I5256) for 15 min and then protein A-agarose beads
(Roche Applied Science; catalog number 11134515001) for an
additional 15 min at 4 °C with gentle rocking. The beads were
pelleted at 9300 rpm for 1 min at 4 °C, and the supernatant was
transferred into a new Eppendorff tube containing 1 �g of an
anti-IGF1-R antibody. After 2 h of gentle rocking at 4 °C, 40 �l
of proteinA-agarose beadswere added for an additional hour at
4 °C with gentle rocking. The beads were then washed three
times and boiled 5 min at 95 °C in 30 �l of Laemmli buffer, and
a 10% SDS-PAGE was performed.
Islet Proliferation—Twenty islets fromC57BL/6 or Igf1rlox/lox

(20) mice were plated on tissue culture dishes coated with an
extracellular matrix derived from bovine corneal endothelial
cells (Novamed, Jerusalem, Israel) for 7 days. Monolayers of
Igf1rlox/lox islets were infected for 12 h with a GFP (Ad-GFP) or
Cre (Ad-Cre) expressing adenovirus with a multiplicity of
infection of 100 and then cultured for 36 h prior to proliferation
test. Themouse islets were incubated for 48 h in the presence of
GLP-1 (100 nM), and for the last 24 h 5�-bromo-2�-deoxyuri-
dine (BrdUrd, 10 �M) was added. The cells were washed with
PBS and fixed in ethanol and incubated for 1 h at 37 °C with an
anti-BrdUrd antibody (BrdUrd labeling and detection kit;
Roche Applied Science). The cells were then washed with PBS
and incubated for 30min at 37 °Cwith the secondary antibodies
(Cy3-conjugated goat anti-mouse; Jackson Immunoresearch)
and fluorescein isothiocyanate-conjugated goat anti-rabbit
(Calbiochem). The cells were mounted with Vectashield
medium containing 4�,6�-diamino-2-phenylindole (Reactolab,
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Servion, Switzerland). The percentage of BrdUrd-positive cells
was analyzed under a Leica confocal fluorescence microscope
using Image J software. For IGF-2 immunoneutralization ex-
periments, the IGF-2 or unspecific antibodies were added for
the 48-h GLP-1 incubation period at a concentration of 10
�g/ml. For knockdown of IGF-2 expression in islets, mouse
islet monolayers were infected with an adenovirus expressing
and IGF-2 shRNA at a multiplicity of infection of 100, as de-
scribed above.
siRNAs—siRNAs for IGF-1R and IGF-2 knockdown were as

previously described (16). For Ad-shIGF-2 preparation, the
shRNAwas obtained from pLKO1 parent vector (Open Biosys-
tem), then subcloned into the pSUPER vector (21), and finally
cloned with H1 promoter into the pADTrack vector. Purified
adenoviruses were produced by Vira Quest, Inc (North Liberty,
IA).
Secretion Test—MIN6 cells were seeded at 200,000 cells in

12-well plates and 24 h later co-transfected with a plasmid
encoding human growth hormone (hGH) and either an
IGF1-R-encoding plasmid (pcDNA3-IGF1-R) or an empty
vector (pCDNA3), or with various siRNA, using Lipo-
fectamine. Two days later, the cells were washed and prein-
cubated for 2 h in KRBH buffer supplemented with 2 mM

glucose. Then themediumwas replaced with KRBH contain-

ing 2 or 20 mM glucose for an additional hour. Secreted and
cellular hGH (extracted in PBS with 0.5% Triton X-100) was
assessed by enzyme-linked immunosorbent assay (Roche

FIGURE 1. GLP-1 increases IGF-1R protein but not mRNA expression in
MIN6 cells and primary mouse islets. MIN6 cells were exposed to GLP-1
(100 nM) for the indicated periods of time and IGF-1R mRNA (A) as well as
protein (B) expressions were quantitated by qRT-PCR and by Western blot
analyses, respectively. Mouse control islets were exposed to GLP-1 (100 nM)
for 18 h, and IGF-1R mRNA (C) as well as protein (D) expressions were quanti-
tated by qRT-PCR and by Western blot analyses, respectively. The levels are
expressed as arbitrary units (a.u.). The data are the means � S.D. from three
independent experiments. **, p � 0.01; ***, p � 0.001.

FIGURE 2. IBMX induces a strong increase in both IGF-1R mRNA and pro-
tein expression in MIN6 cells and primary mouse islets. MIN6 cells were
exposed to IBMX (10 �M) for the indicated periods of time, and IGF-1R mRNA
(A) as well as protein (B) expressions were quantitated by qRT-PCR and by
Western blot analyses, respectively. Mouse control islets were exposed to
IBMX (10 �M) for 18 h and IGF-1R mRNA (C) as well as protein (D) expressions
were quantitated by qRT-PCR and by Western blot analyses, respectively. The
levels are expressed as arbitrary units (a.u.). The data are the means � S.D.
from three independent experiments. **, p � 0.01; ***, p � 0.001. DMSO,
dimethyl sulfoxide; wt, wild type.

FIGURE 3. GLP-1 and IBMX differentially increase cAMP levels in MIN6
cells. MIN6 cells were incubated in the presence or absence of GLP-1 (100 nM)
or IBMX (10 �M) for 30 s or 2 min, and intracellular cAMP contents were mea-
sured by radioimmunoassay. The data are the means � S.D., n � 3 indepen-
dent experiments. **, p � 0.01 (treatments compared with control); §§, p �
0.01 (IBMX treatment compared with GLP-1 treatment).
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Applied Science) (22, 23). Secretion was calculated as the
ratio of secreted over total intracellular hGH, and this ratio
was set at 1 for cells in control conditions and in the presence
of 2 mM glucose.

Islet secretion activity was assessed using 20 islets incu-
bated in 1ml of KRBH. Insulin content was assessed from islets
lysed in ethanol acid. Each experiment was performed in trip-
licate. Insulin was determined using an enzyme-linked immu-
noassay (SpiBio; catalog number A05105).
Statistical Analyses—All of the experiments were performed

at least three times. The results are expressed as the means �
S.D. Comparisons were performed using unpaired Student’s t
test, one-way or two-way analysis of variance for the different
groups followed by post hoc pairwise multiple-comparison
procedures (Tukey Test or Bonferroni, respectively). Single,
double, and triple asterisks indicate statistically significant dif-
ferences (*, p � 0.05; **, p � 0.01; ***, p � 0.001).

RESULTS

Transcriptional and Translational Induction of IGF-1R
Expression—Exposing MIN6 cells to saturating concentration
of GLP-1 (100 nM, Kd � �0.6 nM) induced a time-dependent

increase in IGF-1 receptor expres-
sion with amaximumreached at 18 h
(Fig. 1B), as previously described (16).
This was, however, not associated
with an increase in receptor mRNA
levels (Fig. 1A). Similarly, GLP-1
induced IGF-1R protein but not
mRNA in mouse islets (Fig. 1, C and
D).WhenMIN6cellswereexposed to
the phosphodiesterase inhibitor
IBMX, a strong induction of IGF-1R
protein was observed, which was
associated with a parallel increase in
expression of itsmRNA (Fig. 2,A and
B). Using primarymouse islets, a sim-
ilar induction of IGF-1R expression
by IBMX was observed both at the
mRNA and protein levels (Fig. 2, C
andD).
The differential effect of GLP-1

and IBMX on IGF-1R expression
could be related to the differential
induction of intracellular cAMP
levels by both treatments. Indeed,
GLP-1 induces oscillatory increases
in intracellular cAMP levels, whereas
IBMX induces relatively higher and
stable cAMP concentrations, condi-
tions that are required to induce gene
transcription (15, 24). We thus mea-
sured cAMP in MIN6 cells treated
with GLP-1 or IBMX for 30 s or 2
min. Fig. 3 shows that IBMX indeed
induced a higher intracellular
cAMP concentration that GLP-1.
To determine whether IBMX

induced transcriptional up-regula-
tion of the IGF-IR, we analyzed IGF-1R mRNA and protein
expression in MIN6 cells stimulated by IBMX, in the presence
or absence of the transcriptional inhibitor actinomycin D. Fig.
4A shows that induction of IGF-1R mRNA by IBMX was sup-
pressed by actinomycin D; IGF-1R mRNA expression was then
similar to that present in nontreated or GLP-1-treated cells. To
determine whether IBMX also induced IGF-1R expression by
post-transcriptional control, we performed the same experi-
ment as in Fig. 4A to determine IGF-1R expression level. The
data of Fig. 4B shows that IBMX-induced up-regulation of
IGF-1R protein was only partially reduced upon actinomycin D
treatment, reaching the same level as that obtained upon GLP-1
treatmentof the cells.On theotherhand,GLP-1-induced increase
in IGF-1R expression was insensitive to transcription inhibition.
To evaluate whether GLP-1 increased IGF-1R expression by

a translational control mechanism, we performed biosynthetic
labeling experiments. MIN6 cells or mouse islets were incu-
bated for 60 min in the presence of [35S]methionine and
[35S]cysteine and in the presence or absence of GLP-1. IGF-1R
was then immunoprecipitated from identical amounts of pro-
tein extracts. Incubation of MIN6 cells or pancreatic islets in

FIGURE 4. IBMX and GLP-1 regulate IGF-1R expression by transcriptional and post-transcriptional
mechanisms. A and B, MIN6 cells were exposed to either IBMX (10 �M) or GLP-1 (100 nM) for 18 h and in the
presence or absence of actinomycin D (1 �g/ml). IGF1-R mRNA (A) as well as protein (B) expression was
quantitated by qRT-PCR and Western blot analysis, respectively. C, MIN6 cells (left panel) or mouse islets
(right panel) were biosynthetically labeled for 1 h with [35S]methionine and [35S]cysteine in the presence
or absence of GLP-1 (100 nM). IGF-1R was immunoprecipitated from the cell lysates and separated by gel
electrophoresis; the amount of newly synthesized precursor receptor was quantitated by densitometric
analysis of the autoradiograms. The data are the means � S.D. from three independent experiments. **,
p � 0.01; ***, p � 0.001. Ctrl, control.
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the presence of GLP-1 robustly increased the rate of IGF-1R
biosynthesis (Fig. 4C). Together the above data indicate that
GLP-1 induces IGF-1R expression by a translational mecha-
nism, whereas IBMX induces IGF-1R up-regulation by both
transcriptional and translational regulations.
GLP-1 Induces IGF-1R Expression through the cAMP/PKA

Pathway—To determine which intracellular signaling pathway
activated by GLP-1 receptor activation leads to IGF-1R up-reg-
ulation, we treatedMIN6 cells for 18 hwithGLP-1 and the PKA
inhibitors H-89 or Rp-CPT-cAMPs. As shown in Fig. 5A, both
PKA inhibitors suppressed GLP-1-induced IGF-1R expression;
the same figure also shows that exposing cells to the Epac2
activator 8-CPT-2�-0-Me-cAMP in the absence of GLP-1 did
not induce IGF-1R expression. In Fig. 5B, we show that GLP-1-
induced IGF-1R expression was not suppressed by incubation
with the inhibitors of MAP kinases (PD98059) or PI 3-kinase

(Ly-294002 or wortmannin) or by
the Ca2� channel blocker nimodip-
ine. We performed similar analysis
of signaling in IBMX-treated cells.
As shown in Fig. 5 (C andD) IBMX-
induced IGF-1R expression was
mimicked by forskolin or by the
cAMP agonist Sp-CPT cAMPs; as
above, the Epac2 activator had no
effect on IGF-1R expression. Inhib-
iting the MAP kinase pathway by
PD98059 unexpectedly increased
IGF-1R expression, but the PI 3-ki-
nase inhibitors or the Ca2� channel
antagonist did not modify IBMX-
induced IGF-1R expression. To-
gether these data indicate that
GLP-1 and IBMX up-regulate
IGF-1R expression through protein
kinase A-dependent mechanisms.
Activation of the IGF-2/IGF-1R

Autocrine Loop Increases �-Cell
Glucose Competence—We previ-
ously showed that GLP-1-induced
activation of IGF-1R signaling
required autocrine secretion of
IGF2 and that this pathway was
required for GLP-1 protection
against cytokine-induced apoptosis.
The IGF-1R signaling pathway also
regulates glucose competence, i.e.
the magnitude of the insulin secre-
tion response to a rise in glucose
concentration (20, 25).
Here, we evaluated the impact of

IGF-1R overexpression or knock-
down on glucose-stimulated secre-
tion as well as the impact of IGF-2
knockdown on secretion in MIN6
cells co-transfected with a hGH
expression plasmid and detection of
intracellular and secreted hGH.

First, we showed that overexpression of the IGF-1R by transient
transfection of MIN6 cells increased glucose-stimulated secre-
tion (Fig. 6A). Next, we determined that siRNA-mediated
reduction of IGF-1R expression decreased stimulated secretion
(Fig. 6B). To evaluate whether IGF-2 was involved in regulating
glucose-stimulated secretion, IGF-2 expression was reduced by
siRNA-mediated knockdown, which markedly reduced IGF-2
expression (Fig. 6C). This led to a reduction in secretion, which
was of similar magnitude as that obtained by IGF-1R knock-
down (Fig. 6B).
We next evaluated whether IGF-1R and IGF-2 regulated

insulin secretion in mouse islets. Primary islets were infected
with recombinant adenoviruses expressing either a green fluo-
rescent protein (Ad-GFP) or the IGF-1R (Ad-IGF-1R). Overex-
pression of the IGF-1R significantly increased glucose-stimu-
lated insulin secretion (GSIS) (Fig. 7A). The effect of

FIGURE 5. GLP-1 and IBMX induce IGF-1R expression through activation of the cAMP/PKA pathway.
A, MIN6 cells were exposed for 18 h to GLP-1 (100 nM) to induce IGF-1R expression. This induction was blocked
in the presence of the protein kinase A inhibitor H-89 (10 �M) or the cAMP antagonist Rp-CPT-cAMP (100 �M).
Activation of Epac2 by 8-CPT-2�-O-Me-cAMP (50 �M) did not induce IGF-1R expression in the absence of GLP-1.
B, induction of the IGF-1R by GLP-1 in MIN6 cells expression, which was not suppressed by the MAP kinase
inhibitor PD98059 (PD, 50 �M), the PI 3-kinase inhibitors LY294002 (LY, 50 �M), or wortmannin (50 nM) nor by the
Ca2�-channel blocker nimodipine (Nimo, 1 �M). C, induction of IGF-1R by IBMX (10 �M) was mimicked by
exposing the cells to forskolin (FSK, 10 �M), or the protein kinase A activator SP-CPT-cAMP (100 �M). However,
induction of IGF-1R expression was not increased by Epac2 activator 8-CPT-2�-O-Me-cAMP (50 �M) in the
absence of IBMX. D, induction of IGF-1R expression by IBMX was not suppressed by PD98059, by LY294002,
wortmannin (50 nM), nor by nimodipine. The levels are expressed as arbitrary units (a.u.). The data are the
means � S.D. from three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001; NS, not significant.
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immunoneutralizing IGF-2 was then tested. As shown in Fig.
7B, the IGF-2 blocking antibody reducedGSIS in bothAd-GFP-
and Ad-IGF-1R-infected cells. Finally, we tested the effect of
down-regulating IGF-2 expression in primary islets on GSIS.

Primary islets were infected with
adenoviruses expressing a control
or an IGF-2-specific siRNA. Fig. 7C
shows, byWestern blot analysis, the
reduction in IGF-2 expression
achieved by adenovirus-mediated
shRNA transduction and the paral-
lel reduction in GSIS. This reduc-
tion was similar to that obtained by
immunoneutralization of IGF-2 or
reducing IGF-1R expression. To-
gether these data indicate that the
glucose competence of the �-cells
can be modulated by increasing or
decreasing the activity of the IGF-2/
IGF-1R autocrine loop.
GLP-1-induced �-Cell Prolifera-

tion Depends the IGF-2/IGF-1R
Autocrine Loop—To assess whether
GLP-1-induced �-cell proliferation
was dependent on the IGF-2/
IGF-1R autocrine loop,we first eval-
uated whether inactivation of the
Igf-1r gene prevented the prolifera-
tion effect of GLP-1. Islets from
Igf-1rlox/lox mice were cultured on
an extracellular matrix to form cell
monolayers. These were infected
with recombinant adenoviruses
allowing expression of the CRE
recombinase (Ad-CRE) or an
Ad-GFP. Preliminary experiments
were performed to assess the infec-
tion efficiency, and we determined

thatwith amultiplicity of infection of 100,�80–90%of the cells
were infected. Two days after infection, the monolayers were
exposed to GLP-1 for 48 h, and BrdUrd was added for the last

FIGURE 6. MIN6 glucose competence is modulated by IGF-1R and IGF-2 expression. A, MIN6 cells were co-transfected with a control (pcDNA3) or IGF-1R
(pcDNA3-IGF1-R) expression plasmid together with a plasmid encoding hGH. Two days later the cells were exposed to 2 or 20 mM glucose for 1 h, and secreted
and intracellular hGH were measured. Secretion was calculated as the ratio of secreted over intracellular hGH, and this ratio was set at 1 for cells treated in
control conditions exposed to 2 mM glucose. B, MIN6 cells were co-transfected with an unrelated or an IGF-1R-specific siRNA together with hGH-expressing
plasmid. Secretion experiments were performed and expressed as above. C, MIN6 cells were co-transfected with an unrelated or an IGF-2-specific shRNA
together with hGH-expressing plasmid. Secretion experiments were performed and expressed as above. The data are the means � S.D. from three indepen-
dent experiments. *, p � 0.05; **, p � 0.01.

FIGURE 7. Mouse islet glucose competence is modulated by IGF-1R and IGF-2 expression. A, mouse islets
were infected with a control adenovirus (Ad GFP) or an IGF-1R-expressing adenovirus (AdIGF1-R) and 2 days
later exposed to either 2 or 20 mM glucose, and insulin secretion was measured and expressed as in Fig. 6.
B, mouse islets were infected as in A and 2 days later exposed to either 2 or 20 mM glucose in the presence of a
control IgG or an IGF-2 blocking antibody. Insulin secretion is reported relative to secretion at 2 mM glucose
(stimulatory index). C, mouse islets were infected with an adenovirus expressing a unrelated (Luc) or an IGF-2-
specific shRNA, and the islets were then processed as above for measurement of glucose-stimulated insulin
secretion. The Western blot in the right panel shows the reduction in ProIGF-2 expression in AdshIGF-2-infected
cells. IGF-1R, IGF-2, and �-actin expression was detected by Western blot analysis. The data are the means �
S.D. from three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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24 h of incubation. Fig. 8A shows that GLP-1 induced a�3-fold
increase in BrdUrd incorporation in Ad-GFP-infected cells,
whereas there was no induction of proliferation when the Igf-1r
gene was inactivated following Ad-CRE infection. Next, to
determine whether secretion of IGF-2 was required for GLP-1-
induced proliferation, primary islet cell monolayers were stim-
ulated with GLP-1 for 48 h, and BrdUrd was added for the last
24 h.GLP-1-inducedproliferationwas suppressed by the block-
ing antibody but not by a nonspecific IgG fraction (Fig. 8B).
Finally, GLP-1-induced proliferation was also evaluated after
adenovirus-mediated transduction of primary islets with a con-
trol or an IGF-2-specific shRNA. Reducing IGF-2 expression
led to a significant reduction in GLP-1-induced �-cell prolifer-
ation (Fig. 8C). Together these data indicate that GLP-1-in-
duced �-cell proliferation depends on IGF-1R expression and
autocrine secretion of IGF-2.

DISCUSSION

Here, we confirmed our previous studies indicating that an
IGF-2/IGF-1 receptor autocrine loop operates in pancreatic
�-cells and that its activity can be increased by GLP-1 through
an up-regulation of IGF-1 receptor expression (16).We further
extended these observations by showing that IGF-1 receptor
expression can be increased by transcriptional and translational
controls and that glucose competence andGLP-1-induced pro-
liferation are also regulated by increased IGF-1R expression
and autocrine secretion of IGF-2.
Intracellular cAMP levels are critical for the normal func-

tioning of pancreatic �-cells, in particular for their basal glu-
cose competence (26). Thus, receptors linked to cAMPproduc-
tion, such as the GLP-1, glucose-dependent insulinotropic
polypeptide, glucagon, vasoactive intestinal polypeptide, pitui-
tary adenylate cyclase-activating polypeptide, and many other
receptors present at the �-cell surface play an important role in
integratingmultiple hormonal signals to control cellular cAMP
levels. This integrative role is supported, for instance, by our
previous data showing that inactivation of both the GLP-1 and
glucose-dependent insulinotropic polypeptide receptors, but

not of each receptor separately, leads to a cell autonomous
defect in glucose-stimulated insulin secretion (27). Compara-
tive transcript profiling of control and double receptor knock-
out islets revealed a reduction in IGF-1 receptor expression in
the mutant islets, and subsequent studies showed that GLP-1
treatment of �-cells can robustly increase IGF-1 receptor
expression (16). Our present study indicates that at the rela-
tively low cellular cAMP levels induced by GLP-1 treatment,
IGF-1R up-regulation is controlled by translation of its mRNA,
whereas at the higher levels induced by IBMX, IGF-1R expres-
sion is induced both at the transcriptional and translation lev-
els. Although we do not have a formal proof from our data that
this differential control of IGF-1R expression depends on
graded concentrations of intracellular cAMP, this interpreta-
tion is in agreement with the work of Dyachok et al. (15), who
compared the effect of IBMXandGLP-1 on intracellular cAMP
levels in the insulinoma cell line INS-1. They showed that
IBMX led to stable elevations in cAMP levels, whereas GLP-1
only induced oscillatory increase in cAMP. They further
showed that stable elevations in cAMP are required for trans-
locating PKA to the nucleus, an event that is necessary for tran-
scriptional control of gene expression. In addition, although
IBMXmay have actions other than purely increasing cAMP,we
have shown that both GLP-1 and IBMX increase IGF-1R
expression by the cAMP/PKA pathway, reinforcing the possi-
bility that the differential effect of both agents on IGF-1R
expression may be related to changes in intracellular cAMP
production.
Increased glucose competence and induction of proliferation

of mature �-cells are important to preserve or increase �-cell
functional mass. Here, we show that similar to the protection
against cytokine-induced apoptosis, GLP-1 induces prolifera-
tion of �-cells through activation of IGF-1 receptor expression
and signaling, which depend on IGF-2 secretion.We previously
demonstrated that glucose induced IGF-2 secretion by amech-
anism that could be blocked by the KATP channel agonist
diazoxide and the Ca2� channel blocker nimodipine and that

FIGURE 8. GLP-1-mediated �-cell proliferation depends on the IGF-2/IGF-1R autocrine loop. A, islets from Igf-1Rlox/lox mice were plated on extracellular
matrix-coated dishes for 7 days to form monolayers. They were then infected with Ad-GFP or an Ad-CRE. Two days later they were exposed to GLP-1 (100 nM)
for 48 h and then with BrdUrd for the last 24 h. BrdUrd-positive cells were then recorded and are expressed as percentages of BrdUrd-positive cells. B, mouse
islets monolayers were exposed to GLP-1 for 48 h in the presence of nonspecific IgG fraction or a neutralizing IGF-2 antibody, and BrdUrd was added for the last
24 h. Proliferation was recorded as BrdUrd-positive cells. C, mouse islet monolayers were infected with an adenovirus expressing an unrelated (Luc) or an
IGF-2-specific shRNA. GLP-1-induced proliferation was measured as above. The data are the means � S.D. from three independent experiments. ***, p � 0.001.
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can be potentiated by GLP-1 treatment (16). Thus, our data
were in agreement with studies showing that IGF-2 is normally
co-packaged and secreted with insulin (28–30).
Together our present data provide additional support for the

existence of an IGF-2/IGF-1R autocrine loop operating in
�-cells that can be modulated by increasing IGF-1R expression
and secretion of IGF-2. Although we cannot exclude the possi-
bility that the PKA/CREB pathway activates genes encoding
direct regulators of�-cellmass and function, these data and our
previous (16) data identify the IGF-1R/Akt pathway as a central
regulator of �-cell biology, with the capacity to control prolif-
eration, glucose competence, and apoptosis. This provides an
integrated view of two signaling pathways in �-cells, the cAMP
pathway activated byGLP-1 and probably by all ligands binding
to Gs protein-coupled receptors expressed by �-cells and the
IGF-1R/Akt pathway. Numerous investigations of mice with
genetic inactivation of the IGF-1R, of IRS-2, and of Akt have
provided evidence for the importance of this pathway in �-cell
biological control (11, 20, 25, 31–34). Our study provides
extended support for this view by demonstrating that this path-
way can be enhanced by GLP-1 action. This is in agreement
with the observation that GLP-1 induction of �-cell mass was
blunted in IRS-2 knock-out mice and the conclusion from this
study that IRS-2 signaling was required for the proliferation-
inducing effect of GLP-1 (35). In addition, our present demon-
stration that the autocrine secretion of IGF-2 is required for
activation of IGF-1R signaling suggests that this pathway may
also be regulated by stimulating IGF-2 production and secre-
tion. Further work will be required to test whether the endog-
enous production of IGF-2 by �-cells can be regulated by hor-
monal or nutritional stimuli andwhether it is required for the in
vivo effect of GLP-1 on �-cell mass and function. Finally, if
considered to be of potential therapeutic interest, it should nev-
ertheless be remembered that IGF-2 overexpression is a major
step in the progression of hyperplastic islets to tumorigenic
transformation (36). Thus, it may be an interesting therapeutic
approach to transiently increase IGF-2 expression when
IGF-1R expression is already increased by GLP-1 treatment.
However, at the present time it is not clear whether a similar
mechanism also operates in human islets, and determining this
is an important goal for future research.
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